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This article advances the hypothesis that observed doppler noise during solar
conjunctions is proportional to total columnar electron content along the signal
path. This assumption leads directly to a geometrical model (“ISED”) for observed
doppler noise which is shown to be in very good agreement with doppler noise
data accumulated during the 1975 Pioneer 10, Pioneer 11 and Helios 1 solar con-
junctions. An augmented model (“RISED”) is constructed which quantitatively
indicates correlation between Earth observed Sunspot activity and systematic,
cyclical deviations from the ISED model. Applications expected from this effort
are: (1) Ability to validate generation of doppler data during solar conjunctions,
(2) Ability to predict solar corruption of doppler data during mission critical
phases which occur during solar conjunctions, and (3) Possibility of extracting
electron density information from observed doppler noise.

I. Introduction where
In 1975, A. L. Berman and S. T. Rockwell, after study- 1s] = P
ing the (1975) solar conjunctions of the Pioneer 10, sin «
Pioneer 11, and Helios 1 spacecraft, proposed (see Refer- _
ence 1) a geometrical doppler noise model (NOISE,) as o = Sun-Earth-probe angle (SEP),
follows: B8 = Earth-Sun-probe angle (ESP),
g
0.003; IST <223 K,=28X10°
NOISE,(Hz) =
K, (ISI)1+Kz, ISI > 223 K,=29X 10"
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Basically, the NOISE, model was derived by noting
that possible sources of solar corruption of doppler data,
such as clectromagnetic energy flux and charged particles,
had densitics roughly proportional to the inverse square
of the distance from the Sun, and then hypothesizing that
the total effect leading to an increase in doppler data
noise would be obtained by integrating the density of
corrupting sources along the signal path:

1
doppler noise = K / = dR

where
r == Sun-signal path distance
R = Earth-spacecraft distance

K = arbitrary constant

with the result that

1
Jr re \ SIna

A better fit to actual (observed) doppler noise data® was
obtained by raising IS to the 1.29 power, thus leading
to the final model form (NOISE ).

It was subsequently concluded that the derived parame-
ter ISI was extremely similar to expressions given for total
(solar) electron content along the signal path. For in-
stance, L. Efron and R. J. Lisowski (Ref. 2) give the
identical (functional) expression for total signal path
(‘l(‘Ctl’Oll content

I — / N(r)dR = N, _8

where
1. = total electron content along signal path
N.(r) = electron density function
N, == clectron density atr = r,
r, = Earth-Sun distance (AU)
It was then considered that perhaps a better model
could be obtained if one used a more precise expression

(i.c., not simply 1/r%) for the clectron density function. A
great many expressions to define the solar electron den-

tAll references to observed doppler noise will be taken to mean
“pass average,” good, two-way 60-second sample rate doppler
data noise (sec Refs. 1 and 7 for greater detail).
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sity as a function of distance from the Sun have been
advanced during the last several decades, and they are
all somewhat similar. Typical examples are (with r = dis-
tance from the Sun):

A B
Van De Hulst: N.r) = el R (Ref. 3)
A B
Hollweg: N,;(T) = T + T (R(’f. 4)
A B
Muhleman: Nr) = o t (Ref. 5)

The Muhleman formulation above was sclected, and
Section II proceeds to evaluate the following expression:

I = / N.(r)dR

/(C] C“)
s e

ll. Signal Path Integration of the Muhleman
Electron Density Function:
The “ISED"" Model

One wishes to obtain I,:

Cl Cn
e :/ <_(' ‘!’ o > (ll{
r e

dR IR
= C, - + C, —(——

>

Figure 1 details the Earth-Sun-spacecraft gcometry, with

rt = R? + r; — 2Rr. cos o
r.,c = Earth-spacecraft distance

R.,. = spacecraft-Sun distance

Starting with the C,/r*? term, one has:

Ry/e
d
Iel = Cn 1‘2,3
0
Ruse
. dR
e (R? + 12 — 2Rr, cos a)'*?
0
Ry/e
dR
- Co

([R — recos a]? -+ risin® o)1
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Let
x=R-—r.cosa
dx =dR
a=r.sina
so that
Rsje—-TocosSQ d
X
I, = C, (xz T az)Lw
—recos e
*Rs/fe—TeCOSQ
_ G dx
az? X2\ 115
14—
@
J-rcosa
Now let
X
— = tanw
a
dx = asec® wdw
so that
fan 1 (Ry/ »'{rt‘;cosa)
I C, a sec? wdw
el a3 (tanzw + 1)1.15
Lan-1 (~7¢ Ccos @)
h a
(Ry/c—TeCOS Q)
tan~ 1 =———————
a
Cu dw
A (tan®w + 1)°15
R cosa)
tan-1 —_—
and since
. 1
tan*w + 1 = sec* w = ———
cos? w
then
tan 1 (Rijfv-7T,co8Q)
C(} @ 0.3 d
Iy =—— (cos w)°* dw
a tan-1 {~Fr.cosa)

@

From Ref. 1, p. 237:

T, COS O ™
tan!| ——— )= a ——=
a 2
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and

_ m
- B - —2— + o
so that
B-m/2+a
C,
Ly =7 (cos w)** dw

Ja-msz

Since the maximum contribution of the integral occurs at
x = 0 (closest approach of signal to the Sun), a Maclaurin’s
series expansion is used for the integrand:

foo) =100+ (), + 5 (L), 5 (7). +

L w (dfN
'ﬁr<a,7>
with
f(w) = (cos w)*?
f0) =1
5—1-]; = —0.3 sin w(cos w)=°’
ay\ _
<1_> =0
& —0.3(cos w)** — 0.21 sin® w(cos w)™7
dw? ' '
(fl_f) ~ 03
dw? J,
&f _ ; 0.
T --0.33 sin w(cos w)~-°*7

—0.357 sin® w(cos w)=*7

df\
(),
ﬂ = —0.33(cos w)** — 1.302 sin? w(cos w)=*7
dw* ' ’

—0.063 sin* w(cos w)~37
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]a
(‘ f) - 033
dw' /.,

df

dw?

== -2.505 sin 1w{cos w)-*1

~-6.069 sin * w(cos w)*7

—-8.566 sin® tw(cos w) 7

dfN
((’[u“")v 0

d°f N
duw’

2.505(cos w)°*

- 19.9605 sin* w(cos w) 7
-34.218 sin w(cos w) =7

16.762 sin" w(cos w) ™7

<dhf ) 2505
dwe /|

(cos )" =1+ £(**().8) | £(~0.33 + -
21 41

=1 - 0.15w* -- 0.01375wt + ---

The desired quantity then becomes:

(1"I Bow ‘
I, - (cos )" dw
€

al..'{

(lkl‘.

C, [ 0.15w*  0.01375w” ; :|3"T/““
w — . deeen

F 5 ﬁ 5 -7/
(:“ B-m/2+a
I [w — 0.05w* — 0.002751(--‘]
-T2
("u
e [(B—+/2+a)— (a — =/2)

005 (B — /2 + ) — (o — =/2)°}
- 0.00275 {(8 — 7/2 + a)" — (u— =/2)°}]

at’ l 3 f

oouars J B2 @ (e 7/2)5}1
00275 ) i
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h [ IR
———/ (1 — 0.15w* — 0.01875w* + ---) dw

Defining:

one arrives at the final expression for I,:
B .
I,—A|-——=|F
! [ (sina)"? Fwp)

aB) =1 — J(B —7/2+ o) — (0 — 7/2)")
Flo8) =1 - 005} - ]

—w/2 4 a)® — (a — 7/2)5}
B

where

— 0.00275{<ﬁ

One now wishes to evaluate the C,/r" term:

R
1
1..=C, / L:_{‘

Using notation similar to the previous integral, one has:

Rijp—7ocosa
s dx
I(}2 pusilad (’l ———-—2 T
(x* - a¥)
o —rirase

*Ryje-Toros@

C, dx
= 7 ‘ 2\ 4
1 o
a*
Sr,cos @
an 1 (R./, 41", 08 Q)
-G, a sect wdw
a’ (tan®w + 1)3

et (-7, cosa)
"

B-m/2+a
B C, dw
@ (tan*w + 1)2
-/

B-7/2+a
C,
=— (cos w)' dw
a’
o -T2

which simply yields

tar

- Cl 3 1 . . 1 . i B-7/2+a
I.. = ?[§“ +Zsm2u 4 —372—511:4u, :luﬂ/z
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Because of the (1/a°) dependency, one only needs to con-
sider the case:

a—0
B—
Let
o= Ag A, >0
B=m— 4 Ag >0
One then has:
C,. T3
I,,: :?[§ {B - 7r/2 +a— ((1 — 7r/2)}

+ —i— {sin [2((1 + B) . Tr] ~ sin [2(1 - 77]}

+ 313 {sin [4(a + B) — 27] ~ sin [4a — Zw]}]

+ T {sin [7 + 2(Aq — Ag)] + sin [7 — 24,]}

~-éz{gn[2w+—«Aa-AM]+—ﬁn[2w——4Ad}}

Now
sin [7 + 2(Aa — Ag)] = —2(Aa — Ag)
sin [7 — 2A.] = 124,
Sin [27!' '+‘ 4(Aa “ AB)] = +4(All _ Aﬁ)
sin [27 — 4A,] = —4A,
so that

C.[3 1
Iel l?;’[gig + Z‘{_Q(Aa - AB) + 2Aa}

1
+ 5{4(Aa — Ag) "4Au}]
_ G341
B R T

= El‘[% (B + Aﬁ)]

as

kcl 37T
T @ |8
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Defining
A . Cl 87.’
! (re)” 3
one has
—_ Al
“ (sina)®

The model ISED (integrated solar electron density) is
thus defined:

ISED = Im + Ie:

with

F(a,ﬁ) =1 ,0_05{(/3 — /2 +a)3 — (a_ 7r/2)3}

B
B JB = /2 + o) — (a—=/2)°
0.00275 \ F; }

It is noteworthy to compare the above formulation with
the NOISE, model, which is in good agreement with the
doppler noise observations presented in Refs. 1, 6, and 7:

61.29

(sin a)*-?°

NOISE, = K,

Recall that the original hypothesis in Ref. 1(1/r* depen-
dency) led to the dominant variable:

1

sin a

~

and that to obtain a better fit to the doppler noise obser-
vations, it was necessary to (empirically) adjust the power
of the dominant variable:

1

T sina)

which is now seen to be in almost perfect agreement with
the dominant variable in the first term of the ISED
formulation. That an empirically adjusted model would
prove to be in excellent (functional) correspondence with
the actual electron content along the signal path (ISED),
would certainly argue persuasively in favor of strong cor-
relation between observed doppler noise and ISED. Addi-
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tionally. this result should not be surprising, as it was
cortainly alluded to by Mubleman, et al, in Ref. 5,
p. 100: “The phase jitter essentially depends on  the
clectron density fluctuation, and the observing wave-
length and the density fluctuations are approximately
proportional to the mean density.”

A further observation along these lines is provided by
G. 1. Dutcher, (Ref. 8, pp. 15-16), who also indicates that
the clectron density fluctuation is proportional to the
mean clectron density, and additionally, indicates the
approximate constant of proportionality (p. 50):

} =~ 0.02
RMN

The obscrved doppler noise data from 1975 Pioneer 10,
Pioneer 11, Helios 1 (first) and Helios 1 (second) solar
conjunctions, as presented in Refs. 1 and 7, were fit to
the ISED model, thereby producing the following fit
constants:

clectron density fluctuations
nican clectron density

A, =965 > 10"
A, =5 X107

If the data were really representative of the electron
density function, one would expeet the ratio of the coeffi-
cients determined from the observed data (A,, A,) to be
similar to the ratio of the cocfficients presented by
Mulileman in Ref. 5. Normalizing terms to one solar radii,
Muhleman indicates two sets of coefficients (pp. 95-96):

A=13X10
B =115 X 10¢
A =113

B

and

A=08 X 10
B =051 X 10¢
A

For the ISED case (normalized to one solar radius):

A§ = Cl[Te sin (0'27°>]—G
6 = Co[r,sin (0.27°)]-23
Al _ Cx[re sin (0,270)]2,3

—_— =

f Colresin (0.27°)1¢
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_(C, 1
“\C, ) Tr.sin (027077

\ .\ 8
aers)

Ar)™ [r.sin (0279)]°7

It is reassuring that the ratio of the coefficients deter-
mined from the observed doppler noise data is similar to
the ratio of the coeflicients determined from other experi-
mental observations.

As in Ref. 7, all comparisons of observed doppler noise
(N ,) to the various proposed models will be cast in loga-
rithmic form, or dB:

Z\T
Doppler noise residual, dB = 10 log,., (m)

Using this standard, the statistics for the combined data
base (in excess of 500 “pass average” doppler noise obser-
vations), when fit to the ISED model, were as follows:?

PN10 PN11 HEL-lst HEL-2nd All
o (dB) 188 191 2.07 200 195
Bias (dB) 1006 —045 +054  +038  0.00

Scatter diagrams (observed noise vs the ISED model)
can be seen in Appendix A as follows:
Fig. Al—Pioncer 10
Fig. A2—Pioncer 11-
Fig. A3—Helios 1 first
Fig. A4—Helios 1 second
Fig. A5—Combined

*The standard deviation given by Muhleman (Ref. 5, p. 95) for the
B term (0.51 X 108) is 0.30 X 10%, or 2.15 dB, which is curiously
similar to these numbers!
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Qualitatively, the improvement of the ISED model over
the previous NOISE, model can be seen by comparing
the above figures to (respectively):

Fig. 8, Ref. 1
Fig. 9, Ref. 1-
Fig. 10, Ref. 1
Fig. 7, Ref. 1
Fig. 3, Ref. 7
Improvement is most notably seen at very small SEPs and

small ESPs. This is most probably a direct result of the
tollowing deficiencies in the previous NOISE, model:

(1) Lack of a (sin a)® term (only applicable for
SEP < 1.5°)

(2) B'*° versus the (correct) 8.

Comparisons of the observed doppler noise versus the
ISED model, as a function of day of year (DOY), are seen
in Appendix B. Presentations are as follows:

Fig. Bl—Pioneer 10

Fig. B2—Pioneer 11

Fig. B3—Helios 1 first
Fig. B4—Helios 1 second

Finally, the Muhleman Phase Jitter Model (from Ref. 5,
Fig. 8, p. 100) has been frequently discussed and has
always been found too small by an order of magnitude
or more, What was not readily apparent was that the
Muhleman model, as a function of the geometry, agrees
with the observed doppler noise, except for a multipli-
cative constant! The following gives an approximate com-
parison of the ISED model and the Muhleman doppler
phase jitter prediction:

SEP, Muhlemanmodel,  ISED, Igét;;) )
deg Hz, one-way Hz, two-way Muhleman
15.6 2.65 X 10~ 1.33 X 102 50
10.5 4.50 X 10 2.27 X 102 50

53 1.08 X 10 5.60 X 102 52

2.7 2.65 X 10-® 1.34 X 10 51

1.1 1.33 X 10-2 6.60 X 10 50
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As can readily be seen, the models are extremely similar,
when considered as a function of the geometry.

l1). Correlation With Solar Activity:
The RISED Model

In the previous section, observed doppler noise was
modeled as a function of signal path electron content.
However, as has already been pointed out in Refs. 6 and
7, systematic, cyclical deviations from the model appear
when the residuals are viewed as a function of DOY.
Additionally, these deviations display good correlation
between different spacecraft, when the spacecraft signal
paths are on the same side of the Sun (Ref. 7). Appendix C
presents observed doppler noise residuals (in dB) from the
ISED model as follows:

Fig. C1—Pioneer 10

Fig. C2—Pioneer 11

Fig. C3—Helios 1 first
Fig. C4—Helios 1 second

The question now arises, can observations of  solar
activity be used in some way to modify the ISED model
and thus perhaps account for (in some fashion) the ob-
served cyclical fluctuations about the ISED model? It is
already well known that the electron density function
fluctuates with the long-term solar cycle. For instance,
Van De Hulst (Ref. 3) scales his electron density function
by location within the solar cycle, with the maximum
value approximately twice the minimum. Similarly, M.
Waldmeier (Ref. 9) states: “For any heliographic latitude
the electron density function is higher during sunspot
maximum than during the minimum.”

The ISED residuals seen in Appendix C frequently
differ by 3 to 6 dB between neighboring maxima/minima,
This would seem to be consistent with other observations
of temporal changes in electron density; for instance,
Dutcher (Ref. 8, p. 40) comments on changes by a factor
of three (4.8 dB) over a period of days. Additionally, T. A.
Croft, in Ref, 10, reports on variations of electron density
which reappear approximately coincident with the solar
rotation rate (p. 521): “The 27-day repetition is clearly
seen in interplanetary electron content measurements ob-
tained by the radio propagation experiment on the
Pioneer spacecraft. . .. The measured electron content of
the solar wind in mid-1970 exhibited a region of relatively
high electron density that reappeared at intervals of about
27.8 days.”
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Considering the above, it was concluded that possibly
the daily (Earth) observed Sunspot index (Zurich, R,)
could be used in some fashion to adjust the ISED model
and thereby attempt to lessen the magnitude of the sys-
tematic deviations of the observed doppler data from the
model. If such a process were successfully executed, cor-
relation could be demonstrated in a quantitative sense via
a comparison to the previously presented ISED residual
standard deviations (o). To attempt this procedure, two
separate aspects of the problem were addressed:

(1) Phase. An algorithm would be required to link in
some internally consistent fashion the earth obser-
vation of solar activity, and the subsequent (or
prior) cffect on observed doppler naise.

(2) Magnitude. A function of R, would have to be em-
pirically constructed to “scale” the ISED model.

The strongest correlation appeared to be between peri-
ods of zero sunspot activity and periods of very negative
(-~3 ~ —4 dB) residuals. Consideration of the time rela-
tionships Detween the two led to the following (strictly
empirical) hypothesis (with the geometry as shown in
Fig. 2).

Assume

(1) Each daily R, measurement is time centered (aver-
aged) for a solar longitude = 0 deg.

(2) Variations in clectron density “propagate” outward
in a radial direction and at a constant speed (V)
from a surface or corotating near surface region.

The above allows one to construct a consistent (but arbi-
trary) method of relating Earth observations of solar
activity and signal path observations, as follows:

(1) Time to propagate from surface to signal closest
approach:

=~ A,a

(2) Time to rotate from Earth observation (0 deg
longitude) to longitude of propagation region
(y = n/2 — a and o, = solar rotation period):

166

os Tt signal west of Sun
pEiCaOh g signal east of Sun

Adding the two times together, one has

(1) West side

(2) East side

13.5
T:t7+t,=—6:?ﬁ+a<Ag +- >

™

Finally, since the sunspot observations are a function of
DOY, the phase time T is rounded to the nearcst integer
day:

n(days) = integer (T + 0.5) T>0

n¢(days) = integer (T — 0.5) T <0

The sunspot data are published as a function of DOY:

R,(DOY)

Since the data exhibit sharp day to day fluctuations in
addition to the longer term, higher magnitude fluctuations
that are the primary concern here, the sunspot data were
smoothed in the following manner:

YR,(DOY) = 0.1R,(DOY — 2) + 0.2R,(DOY — 1)

+ 0.4R,(DOY) + 0.2R,(DOY + 1)
+ 0.1R,(DOY + 2)

The smoothed phased sunspot value for a doppler noise
observation on a given day (DOY) then becomes:

-

XR,(DOY) = YR(DOY — n,)

Finally, it was necessary to construct a function of XR,
which could be used to scale the ISED model. Examina-
tion of the ISED residuals and the (phased) sunspot data
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indicated a multiplicative function with the following
general characteristics:

acfil\lzli]ts)?z)lsz) Multiplicative Characteristic
0~ 10 ~0.5 for zero sunspots; quickly rising
to about 1.0
10 ~ 40 >1.0 and very gradually increasing
40 ~ 100 gradually accelerating rate until ~4.0

for 100 sunspots

To accomplish this, the following function was con-
structed:

WR, =1+ A, XR;) (1 + A;[XR,]?)

N =/ XR;
1COS | 5\ A, T XR,

thus leading to the RISED (rotating integrated solar elec-
tron density) model, fully defined as follows:

RISED = WR, {A(, [Zm_rﬁ{)_] F(a,p) + As [(Sinl a)s]}

with

o oy )’(B*w/2+a)3—(u—'7r/2)3
Fla,g) =1 0.051 7 }

(B—=/2+ o)’ — (a0 — 7r/2)5}
B

WR; = (1 + AXR;) (1 + A;[XR;]?)

*A . ™ XRZ
« €Ot 5\ A, F XR,

XR,(DOY) = YR,(DOY — n,)

- 0.00275{

YR,(DOY) = 0.1R,(DOY — 2) + 0.2R,(DOY — 1)
+ 0.4R,(DOY) + 02R,(DOY + 1)
+ 0.1R,(DOY + 2)

and

T>0
T<0

integer (T + 0.5)
integer (T — 0.5)

n; =
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where
13.5 signal paths
3 —
6% +a <A2 ™ ) west of Sun
T =
signal paths

13.5
( —6% + a <A2 + >
T

The observed doppler noise data from the Pioneer 10,
Pioneer 11 and the Helios 1 first 1975 solar conjunctions,
subject to the following (minor) restrictions: (1) data
< 30 deg heliographic latitude (the signal closest ap-
proach point) and (2) data such that ISED > 0.003 Hz
were fit to the RISED model, with the various A, parame-
ters varied to minimize the standard deviation of the
residuals, This process yielded the following set of
parameters:

east of Sun

A, = 9153 X 10°®

A, =12X10*
A, = 1.2 X 10
A, =9 X 10%
A, =1X10"
A, =4 X101
A, =5 X107

The function WR, with the above A, through A: is
plotted versus R, in Fig. 3. The statistics resulting from
the determined parameter set were as follows:

o(dB) Bias (dB)
Pioneer 10 east 1.58 +0.36
Pioneer 10 west 1.34 +0.18
-Pioneer 11 east 1.57 —1.23
Pioneer 11 west 131 —0.17
Helios 1 first (west) 2.06 +0.44
Combined 1.55 0.00

By comparing these results to those obtained for the
ISED case, a very substantial decrease in the (combined)
standard deviation can be seen:

o =186
=155

ISED?
RISED?

Basically, the RISED model very substantially im-
proved the Pioneer 10 and Pioneer 11 results, (i.e., de-
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creased the systematic deviations) and essentially left the
Helios 1 (first) results unchanged. If only the (combined)
Pioncer 10 and 11 results are compared, the improvement
is even more dramatic:

ISED?
RISED*

o = 181

A qualitative view of the improvement can be seen in
Appendix C, where the following parameters are plotted
as a function of DOY:

ISED residuals, dB
Smoothed, phased sunspots, XR,
RISED residuals, dB

and for the following cases:

Fig. C1—Pioneer 10
Fig. C2—Pioneer 11
Fig. C3—Helios 1 first

Additionally, Appendix D presents the observed doppler
noise and the RISED model versus DOY for the follow-
ing cases:

Fig. D1—Pioneer 10

Fig. D2—Pioneer 11

Fig. D3—Helios 1 first

while Appendix E presents the observed doppler noise
versus the RISED meodel for the following cases:

v

Fig. E1—Pioneer 10
Fig. E2—Pioncer 11
Fig. E3—Helios 1 first
Fig. E4—Composite

When the Helios 1 second solar conjunction doppler
noisc¢ data were fit to the RISED model with the fit pa-
ramcters as previously determined, the results were quite
disappointing—the RISED case producing a standard
deviation very substantially worse than for the ISED case.
It was noted that there occurred an extremely sharp peak

iFor the “slightly” reduced data set, as previously defined.
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in (observed) sunspot activity on DOY 218, and a corre-
spondingly sharp peak in ISED residuals on DOY 234,
Assuming that these events should corrclate, a (constant)
delay factor in the phasing relationship was introduced:

13.5
T(west) = 6% - m(A2 — ———-> + A,

A new A, and A, were selected, yielding the following fit
parameter set:

A, =T76X10"
A, =5X10
A, = 1.2 X 107
A, =825

A, =9 X107
A, =1X10"
A, =4 X107
A, =5 X 10!

The statistics for the RISED model with this paramecter
set, as compared to the ISED modecl results, were as
follows:

Helios 1 second (west) o = 1.90; RISED
Helios 1 second (east) o = 1.63; RISED
Helios 1 second (all) & = 1.77; RISED
Helios 1 second (all) o = 2.00; ISED

The RISED residuals, ISED residuals, and the smoothed,
phased sunspots can be seen in Fig. C4, Appendix C;

while the RISED residuals and obscrved doppler noise
data versus DOY are seen in Fig. D4, Appendix D.

Although the standard deviation is significantly re-
duced for this RISED fit when compared to the ISED
case, little significance can be attached to it because of
the major alteration required to the basic RISED algo-
rithm. This negative experience in projecting the RISED
model forward to a new set of solar conjunction data
leads one to (negatively) consider:

(1) Additional, currently unknown factors will have to
be considered before a doppler noise model can
incorporate observed solar activity in a quantitative
fashion.
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(2) As a practical matter, it may not be possible to
incorporate observed solar activity into a doppler
noise model in a quantitative fashion.

Regardless of this failure to successfully project the
RISED model forward, it is felt that the experience of the
RISED model with the Pioneer 10, Pioneer 11, and
Helios 1 (first) Solar conjunction doppler noise data rep-
resents an extremely strong, quantitative indication of
correlation between Earth-observed solar activity and
(assumed) fluctuations in clectron density.

IV. Applications of the ISED Model

Applications of the work done to date in analyzing the
1975 solar conjunction observed doppler noise would ap-
pear to separate into two distinct categories, these being:

(1) Applications which only require doppler noise to be
modeled as an arbitrary function of Earth-Sun-
probe geometry, and which already appear to have
a strong likelihood of successful realization.

(2) Applications which require the central hypothesis
of the functional relationship between observed
doppler noise and the signal path integration of
electron density to be established, and hence, are
less certain in terms of a successful realization.

These will be briefly expounded upon below in Subsec-
tions A and B.

A. Expected Applications

1. Validation of doppler data generation during solar
conjunction phases. With the current ISED model, the
real-time Network Analysis Team, Tracking (NAT
TRACK) has a standard against which doppler noise can
be compared, and which can be used to separate out
possible Tracking System malfunctions. In support of this
effort, the Network Operations Analysis Group, Tracking
(NOAG TRACK) is currently providing NAT TRACK
with ISED plots for any spacecraft in solar conjunction.

2. Planning for critical mission operations during solar
conjunction phases. The ISED model can be used to
quantitatively establish minimum requirements and trade-
off factors for the planning of critical mission events
within solar conjunction phases. For instance, as a func-
tion of time, one can easily compute:

dISED  JISED du
dt  — ba dt

. JISED dg
o dt
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where

JISED 13 A8 F(a,p)

= . 0
da (sin a)?3 cosa

B 5A;cosa
(sin a)®

JISED _ A, F(a)
B 7 (sina)'?

and where the quantities

do dg
dt’ dt

are easily obtainable from standard trajectory informa-
tion. The rate of change of ISED with time could
then be used quantitatively to establish tradeoffs of
solar corruption of navigation data with other mission
characteristics.

B. Possible Applications

1. Accurate measurement of long term (~months)
average electron density levels. During any solar conjunc-
tion period, numerous measurements of doppler noise
will be obtained, which when used in conjunction with
the ISED model, might be expected to provide an accu-
rate “average” electron density level.

2. Measurement of intermediate (~days/weeks) elec-
tron density fluctuations. Multiple doppler noise measure-
ments per day combined with the ISED model might be
expected to provide a reasonable measurement of inter-
mediate fluctuations in the average electron density level.

3. Correlation of observed solar activity with fluctua-
tions in electron density. The intermediate fluctuations in
electron density might be expected to constitute a power-
ful tool in correlative studies of Earth observed solar
activity (perhaps similar to the RISED effort).

V. Summary

This report suggests that observed doppler noise is a
direct function of the total electron content along the
signal path:

Ryje
doppler noise = K / N.(rdR

169



which directly lcads to a geometrical model (ISED) for
the prediction of doppler noise:

_ B , , 1
ISED = A, [W] F(a, B) A [(sin a),;j]

f(B— =/2 + ) — (a0 — w/2)")

Fla.8) =1 — 0.05-

! B f
. ¢ (B~ 7/2+ a)* — (0 — =/2)")
0.00275 f' : !

A best fit of this model to the combined Pioncer 10,
Pioncer 11, and Helios 1 1975 solar conjunction doppler
noise produced the following fit paramecters:

A, =965 X 10
;= 5 >< 10710

and a standard deviation about the ISED model of:

!

lo = 2.0dB {factor of 1.58}

Attemipts to correlate systematic deviations from  the
1ISED model with observed solar activity (RISED) pro-

duced a substantial decrcase in systematic model error
(for a selected data set):

1o = 1.6 dB {factor of 1.45}

However, it was not possible to successfully project the
RISED model forward to a new (Helios 1 sccond) data
base.

Finally, certain bencfits are cxpected to have strong
likelihood of realization:

(1) Validation of doppler data generation during solar
conjunction phases.

(2) Planning for future mission critical phascs daring
solar conjunctions.

Additional, but far less certain, benefits may also acerue:

(1) Dctermination of long term (~months) electron
density levels.

(2) Determination of intermediate (~days/weeks)
fluctuations in clectron density levels.

(3) Dectailed clectron density information (particularly
of the inner corona) which might be useful in
correlative studies of solar activity.
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